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EFFECT OF NOZZLE SECopiDARY FLOWS ON TURBINE PERFORMANCE AS 
INDICATED BY MIT SURVEYS O F  A ROTOR 
€53 Warren J. Whitney, Howad A. Buckner, Jr., and D a n i e l  E. Monroe 
Detailed circumferential and radial surveys of total   pressure and 
t o t a l  temperature w e r e  made downstream of the turbine  rotor of a high- 
speed, high-specific-mass-flow turbine at design operating conditions. 
The results of these surveys, when plotted as efficiency contours over 
t he  survey range of approximately 1- nozzle passages, indicated that 1 
4 
large circumferential-loss gradlents existed downstream of the turbine 
rotor, effecting a variation in the local efficiency of  14 points. These 
losses were caused by disturbances  originating in  the nozzle and prob- 
ably represent the effect of nozzle secondary-flow vortices and wakes 
cwrying through the rotor. From the indications of the survey results, 
it was concluded that  losses  in  the  nozzle blades due t o  secondary-flow 
v o r t i c e s  and wakes,  although normally s m a l l ,  c8.n Fnduce much greater 
losses i n  the turbine rotor and can cause an appreciable effect on the 
o v e r - a l l  turbine performance. 
INTRODUCTION 
In  order t o  increase efficiencies of turbines, as w e l l  as t o  in- 
crease  the mass flow per unit f rontal   area and work per  stage f o r  which 
high efficiency can be obtained, it i s  necessary t o  determine the sources 
and re la t ive  magnitudes of the various losses. Survey measurements 
between nozzle and rotor and downstream of the rotor  of a conservatively 
designed turbine (ref. 1) have indicated tha t  the major losses are 
located near the blade ends. O n  the basis of the large difference 
between the  measured losses Ecna the  estimated sum of blade-profile loss 
and tip-clearance loss, part icular ly  i n  the blade-end regions, it was 
deduced that a large  part  of these  losses could be a t t r ibu ted   to  sec- 
ondary flows. Surveys j u s t  downstream of an annular row of turbine- 
nozzle blades have disclosed large secondary-flow cores at the junction 
of blade wakes and end-wall boundary layers for both low and high Mach 
nubere  (ref. 2 ) .  A more complete discussion and visualization of these 
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phenomena i s  presented i n  reference 3. Although the energy loss  in 
these cores an a mass-averaged basis  i s  quite small, as indicated by 
measured nozzle efficiencies of the order of 0.98, it i s  reasonable t o  
expect that these secondary-flow cores m i g h t  induce lo s ses   i n   t he  fol-  
lowing blade row, or rotor, due t o  uzzPavorable r e l a t i v e  flow angle13 and 
interference with the main stream. Unpublished r e su l t s  from exploratory 
surveys with hot-wire anemometers at turbine exits have indicated that 
these nozzle secondary flows have been identLfied damatream of the 
rotor. I n  order to   invest igate   fur ther   the  f fect  of nozzle secondary 0, 
flows on turbine performance, detailed circumferential and radial surveys 
of total   pressure and t o t a l  temperature w e r e  made j u s t  downstream of the 
rotor of the high-speed, high-specific-mass-flow turbine of reference 4 
a t  design operating conditions. The purpose of this  report  i s  t o  examine 
these  resul ts   to  determine whether the effect  of nozzle secondary flows 
on the  rotor flow resu l t s  in 8.n appreciable l o s s  i n  turbine efficiency. 
The c r i t e r ion   t o  be used is whether the  losses measured at the rotor   exi t  
are axially symmetric o r  take the form o f  large circumferential gradients 
that are fixed i n  space and can be related t o  nozzle circumferential 
position. .. . " . -  . .. .. 
# 
T h i s  investigation was conducted at the  NACA L a d s  laboratory. 
SYMBOLS 
The following qmbols are used i n  this report: 
'IB 
'cr 
turbine-inlet total pressure, lb/sq f t  
turbine-outlet total pressure, lb/sq f t  
turbine- inlet  total  temperature, R 
turbine-outlet t o t d  temgerature, % 
r a t io  of specific heats 
0 
1 - (T& 
1 - (P3/P1> I- 
local adiabatic efficiency, qg e y-l 
squared ratio of-critical velocity at turbine-inlet tem- 
perature Tl t o  Critical velocity at  NACA standard sea- 
level  temperature . 
0 corrected total-temperature drop, (Tl - T3)/Bcr, R 
design value of corrected total-temgerature drop, R 0 r 
. .  
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The turbine and apparatus (fig. 1) are the  same as those described 
i n  reference 4, except that the  turbine  casing was equipped with a motor- 
ized saddle i n  order to take circumferential surveys i n  a plane approxi- 
mately 2 inches (about one blade chord) damstream of the turbine rotor. 
The special survey instrumentation consisted of a total-pressure and 
angle probe and a self" thermocouple probe, both shown i n  f i g -  
ure 2. The pressure and angle probe wa8 made f r o m  two pieces of 0.020- 
inch tubing soldered together, the axes of the tubing being separated by 
only 0.020 inch. The ends of the tubing were f ace-ground t o  an included 
wedge angle of 160°. Thia angle was selected experimentally to give the 
probe good yaw sensi t ivi ty  as w e l l  as satisfactory  total-pressure- 
recovery chexacteristics. The object of using a probe of t h i s  type was 
to  keep the two elements as close together as possible so tha t   the   e f fec t  
of the circumferential total-pressure gradient on flow-angle allnement 
would be minimized. Measurements were obtained with t h i s  probe by auto- 
matically  balancing  the  pressure i n   t h e  two legs, and total   pressure was 
obtained from the  pressure in one leg i n  combination wfth a pressure- 
recovery calibration. The total  pressure from the probe w a s  fed   in to  a 
cdibrated  strain-gage pickup, which was used t o  elfmillRte the relatdvely 
large volume of a manometer line and tube and thereby e-le a more 
rapid response of alFnement t o   t h e  flow. 
The direct ional  thermocouple probe ( f ig .  2) consisted of a thermo- 
couple and two pressure  ports which were connected W e c t l y  to a balanc- 
ing capsule t o  make the probe self-alining. The survey thermocouple was 
connected such that the  differential  electromotive force  between the 
turbine-inlet thermocouples and the survey thermocouple could be read 
directly.  
The thermocouple probe and the total-pressure probe were calibrated 
for recovery over a range of Mach number corresponding t o  that encountered 
i n  t e s t  conditions. The s ta t ic  pressure was obtained from four inner-wall 
and four outer-wall  statfc  taps, which were located a t   t h e  survey plane 
(station 3, fig. l), by assuming a linear static-pressure variation from 
inner  w a l l  t o  outer wall. The recovery correction for each probe was then 
obtained by using the ratio of indicated  total   pressure t o  s ta t ic   pressure 
and the calibration curve. 
The surveys were made with the turbine set at equivalent design speed 
and design work output  with  turbine-inlet  conditions  maintained  constant 
a t  t he  nominal values of 32 inches mercury absolute and 60O0 R. Circum- 
ferential  surveys of t o t a l  pressure and t o t a l  temperature were taken at 
various radial positions spaced 114 inch apart, except near the walls 
where they were spaced approxlmately 1/8 inch apart. The circumferential 
spacing of survey points was approximately lo, and the circumferential 
t rave l  was about 14' corresponding t o  about 1- nozzle passages which were 1 4 
10 ll-x The circumferential  traverse made at the innermost radius w a s  0.055 
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inch from the inner wall, while that at the outermost radius was 0.095 
inch from the  outer wall. 
RESULTS AND DISCUSSION 
Contours of total-pressure ratio PJ/P1 and total-temperature-drop 
r a t io  (AT/@)/(m/8)deS over the survey range of 1~ nozzle pitch are 
presented  in  figures 3 and 4, respectively. Regions of low to ta l -  8 
pressure  ratio and temperature-drop r a t io  can be  noted that appear s i m i -  M 
0 
l a r   t o  nozzle-blade wakes from the standpoints of shape and circumferen- 
t i a l  spacing. There are also marked circumferential gradients a t  a l l  
radii which would have t o  resu l t  from phenomena originating  in  the sta- 
tionary component of the turbine. It is not known how nozzle secondary- 
flow losses are manifested downstream of a turbine  rotor  in terms of 
e i t h e r  t o t a l  temperature or  total pressure. In regions possessing radial 
and circumferential variations of t o t a l  temperature (representing a vary- 
ing amount of energy extraction by the rotor) and of total pressure, the 
local losses are functions of both temperature and pressure a t  the p i n t .  
Consequently, to identify high-loss regions, it is necessary t o  combine 
the two in   the  form of a contour plot o f  local  adiabatic  efficiency. 
1 
Contours of local efficiency - VB based on detailed surveys of t o t a l  
temperature and total  pressure just downstream of the rotor (station 3) 
are shown i n  figure 5. Extremely large gradients in efficiency are shown 
t o  exis t  a t  this station, with the t o t a l  vesiation amounting t o  14 points. 
Furthermore, the regions o f  low efficiency, o r  high loss, are sham t o  be 
localized. The regions of efficfency of 0.92 or lower are arb i t ra r i ly  
shaded t o  show the high-loss regions. Since gradients o r  losses orfgi- 
nating  in  the  rotor-blade row would resu l t  in a variation with time wFth 
respect t o  a stationary instrument rather than a variation w i t h  circum- 
ferential position, the circumferential gradient is evidently the result 
of some stationary  circumferential  maldistribution of flow upstream of  the 
rotor. Since the efficiency pattern is approximately repeti t ive circum- 
ferentially at-very nearly the value of nozzle pitch (UT ), it appears 
that these gradients originate in the nozzle blades. This contention i s  
substantiated by the similari ty between these patterns and the loss 
patterns obtained just downstream of the turbine-nozzle blades as i l l u s -  
trated in reference 2. The large secondary-flaw cores at the junction of 
the nozzle-blade wakes and end-wall boundary layers, as well as the nozzle- 
blade wakes, then evidently affect the flow through the rotor sufficiently 
t o  cause large losses in efficiency. 
10 
The results  indicate  that   the nozzle core near the inner w a l l  causes 
considerably higher losses than the nozzle core a t  the outer wall sfnce a 
much greater  area, and  consequently a greater mass flaw, is affected. The .I 
core near the inner wall shifted out from the wall i n  passing through the 
rotor, probably as a resu l t  of .the conibined effects  of the contoured inner 
wall (see ref. 4 )  and of the difference between the equilibrium radial 
pressure gradients of the main stresm and the core result ing from t h e i r  
different, absolute components of tangential velocity. Between the nozzle 
- -
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wakes  and cores exist regions of comparatively high efficiency. The 
efficiency values given are probably scmewhat i n  error because of the 
unsteady s t a t e  of the flow out of the rotor; however, the trende are 
believed to be significant.  These regions of high efficiency indicate 
the ro to r  secondary flow and other r o t o r  losses, exclusive of those in- 
duced by nozzle secondary flows, t o  be comparatively small f o r  t h i s  tur- 
bine. This  resu l t  is of particular interest in the rotor-t ip region, 
where the  rotor-blade losses w o u l d  normally be expected t o  be high. 
From these results, it appears l ike ly  that a favorable balance among the 
tip-clearance vortex, the passage vortex, and the scraping vortex, as 
discussed i n  reference 3, was obtained i n  this turbine. 
Although the  results,of  the  present  investigation  are  too meeger t o  
disclose  the mechanism by which the nozzle secondary flows induce these 
large losses i n  turbine efficiency, several effects my be suggested as 
contributors.  First  , the through-flow velocit ies of the f luid i n  
secondary-flow core regions issuing from the nozzle are known from the . 
resu l t s  of reference 2 t o  be considerably lower than free-stream veloc- 
i t y ;   t h i s   r e su l t s  Fn large negative angles of incidence at the r o t o r  
inlet each t i m e  a rotor blade passes through a nozzle core, w h i c h  may 
cause alternating  separation and reattachment of the flow over the rotor 
blade if the  bounlazy-layer response i s  sufficiently r q i d .  Another 
possible source of loss is the total-pressure loss result ing from the 
mixing of f lu ids  of varying energy levels. S t i l l  another probable effect  
i s  tha t  caused by the loss cores tending t o  deviate from the main stream 
in   t he  r o t o r  passage rather  than  being  turned with the main stream (see 
ref. 3), which may displace the main-stream f l u i d  and upset the ro tor -  
blade-surf  ace  velocity  distributions  with consequent losses. 
From these results, it appears that  nozzle secondary flows me one 
of the major sources of loss for  this  turbine,  and an appreciable im-  
provement in performance might resu l t  from a reduction of secondary-flow 
vortices  in  the  nozzles. 
Detailed circumferentid. and rad ia l  surveys of t o t a l  temperature 
and t o t a l  pressure were made downstream of a turbine  rotor a t  design 
operating conditions, and the pertinent results are as follows: 
1. Local regions of high loss corresponding t o  nozzle secondary-flow 
vortices and wakes were observed downstream of the  turbine  rotor,  effect- 
ing  variations  in  local  efficiency of 14 points. 
2. This resul t  indicates  that nozzle secondary-flaw vortices and 
wakes, even though they usually comprise only a small loss at the nozzle 
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outlet ,  can induce much greater losses in the turbine rotor and thus 
cause an appreciable effect on over-all turbine performance. 
Lewis FUght  Propulsion  Laboratory 
National Advisory Committee for Aeronautics 
Cleveland, Ohio, February 3, 1954. 
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Directional thermocouple probe Tota l -pnsssm and angle probe 
Figure 2. - Instrumentation wed t o  survey downstream af turbine rotor .  
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Figure 3 .  - Contours of total-pressure ratio P3/P1 over survey range. 
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Figure 5. - Contours of local adiabatic efficiency nB at e t a t i o n  3. 
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